ABSTRACT. The Holocene varve chronology of annually laminated sediment sequences from Lake Meerfelder Maar agree for most of the record with dendro-calibrated accelerator mass spectronomy radiocarbon dates from the same site. Only between 9710 and 9950 cal BP does an offset of 240 yr appear between both data sets. At this position, a micro-disturbance in the varve succession has been detected by thin section analyses and was quantified in terms of missing varves. A comparison with the nearby record from Lake Holzmaar, as well providing high resolution AMS 14 C and varve chronologies, revealed that such gaps (ca. 2% in time for the entire Holocene) are exceptional for these long-varved maar lake records. Moreover, since sections of missing years appear for both profiles at different stratigraphic positions, a combination of both the Meerfelder Maar and Holzmaar records enables us to bridge erroneous zones in varve chronologies. This confirms the high potential of two long-varved records in close vicinity to each other for the elimination of dating errors and for increasing chronological precision at a time resolution that is normally regarded as within the counting errors. Late Glacial varve and 14 C data beyond the dendro-calibration from Meerfelder Maar and their tentative tele-connections to other high resolution data sets reveal unexplained age discrepancies in the calendar year time scale of about 200 years.
INTRODUCTION
Lacustrine sediment archives are an important tool for studying the palaeoclimatic and palaeoenvironmental history on continents because of the large variety of proxy data they provide. One basic prerequisite, however, is a precise and reliable chronology often based on radiocarbon dating. Long laminated lake sediment profiles have, in addition, the possibility of independent dating: varve chronology. This provides not only a potential to contribute to the extension of the tree ring 14 C calibration curve, which presently reaches back to 11,871 cal BP but also increases the precision of dating certain lake sediments. This has been shown earlier for Lake Holzmaar, Germany (Hajdas et al. 1995a , this issue), Lake Soppensee, Switzerland , this issue), Lake Go ci¹¿, Poland (Goslar et al. 1995, this issue) , the stacked Swedish varve chronology (Wohlfarth et al. 1995, this issue) , and more recently, Lake Suigetsu, Japan van der Plicht 1998a, 1998b, this issue) . However, results of lake sediment dating sometimes appears to be contradictory, especially considering the Late Glacial and its last climate deterioration, the Younger Dryas. Refinements, re-examinations, and re-evaluations as well as the presentation of new lacustrine profiles improved the understanding of some of these discrepancies. An age of 11,500-11,600 cal BP for the Younger Dryas/Holocene transition has now generally been accepted (Gulliksen et al. 1998) . The beginning of the Younger Dryas is still not covered by tree-ring calibration, but a reliable age between 12,600 and 12,700 cal BP has been reported from Lakes Go ci¹¿ (Goslar and Madry 1998) and Meerfelder Maar (Brauer et al. 1999a) . Evaluating the remaining small discrepancies of Late Glacial calendar year time scales from different archives still needs to be improved by defining suitable correlation horizons and by obtaining more high resolution radiocarbon data from varved records (Brauer et al. 1999b) .
In this study, we present a new accelerator mass spectronomy radiocarbon dataset from the annually laminated lake sediment profile from Lake Meerfelder Maar in the Eifel region of Germany. This site was chosen because of the presence of a long continuous varve succession from about 1500 to 14,200 cal BP and because Meerfelder Maar is located in close vicinity to Lake Holzmaar. Both records contain two tephra layers. Their correlation provides a means of independent control and allows the detection of possible errors in either of the chronological datasets.
MATERIAL AND METHODS

Site and Sediments
Lake Meerfelder Maar (MFM) is a small maar lake of volcanic origin in the Westeifel, western Germany (Figure 1 ). It belongs to the Quaternary Westeifel Volcanic Field, which consists of 250 eruption centers, at least 50 of them being maars (Büchel and Krawczyk 1986) . Presently, eight of the maar craters are filled with water, including Lakes MFM and Holzmaar (HZM), with MFM located about 10 km west of HZM (Figure 1 ). MFM, situated at 336 m above sea level (asl), has a surface area of 0.248 km 2 and a maximum depth of 18 m. The lake basin only covers one third of the entire crater while the other part is covered by delta sediments deposited by a stream (Meerbach) entering from the south. There are no calcareous rocks present within the catchment, so MFM is a softwater lake. The lake is currently eutrophic, but tended to be hypertrophic several times in this century because of intensive human activity in the catchment area. Age determinations of the MFM volcanic eruption are rather rough, but a minimum age of 35,000 cal BP can be regarded as certain Figure 1 Location of Lake Meerfelder Maar (MFM) within the Westeifel Volcanic Field and bathymetric map of the lake including all drilling locations. The series of five parallel cores from 1996 used for the present study is marked only with one circle and indicated by an arrow. (Zolitschka et al. 1995) . Numerous sediment cores have been obtained from MFM, with the longest one (45 m) still not reaching the crater bottom (Irion and Negendank 1984; Negendank 1989; Negendank et al. 1990 ). In 1996, five new overlapping sediment cores were recovered from the center of the lake (Figure 1 ) and combined to a composite profile of 11.20 m in length (Figure 2 ). The sediment profile displays four main lithological units (Figure 2 ). The basal part (11.20-10.40 m; lithozone IV) is a reddish-brown minerogenic mud which shows only a few, indistinct cm-thick laminations. The contents in organic matter and diatom frustules are very low. Dry density values of 0.9-1.4 g cm −3 reflect the dominance of minerogenic detritus and are the highest of the whole profile. This sediment unit has been deposited under periglacial conditions during the end of the last glaciation and the sharp shift to the following sediment unit marks the transition to the Late Glacial. During the Late Glacial (10.40-7.25 m; lithozone III), fine laminations have been continuously formed but their lithological composition is very heterogeneous. Olive-colored, organic-rich sediments are frequently intercalated by sections of reddish-brown minerogenic deposits. In contrast to the basal sediment unit, these minerogenic sediments are annually laminated. One of these sections, dominated by minerogenic sediments, is formed during the second half of the Younger Dryas (YD) and its transition to predominantly organic sedimentation at 7.25 m depth marks the onset of the Holocene.
Most of the Holocene sediments (7.25-1.80 m; lithozone II) are composed of a finely laminated organic diatomaceous gyttja. The contents in organic carbon range between 7 and 27%. Frustules of planktonic diatoms are abundant and form spring and summer sublayers of the varves, while frustules of littoral diatoms are found in autumn sublayers. Authigenic iron-rich minerals (vivianite, siderite, pyrite) are common throughout the profile and in some periods even form the main minerogenic component.
The uppermost part of the profile (0-1.80 m; lithozone I) is characterized by higher amounts of minerogenic detritus often deposited in turbidites and detrital layers. This change in deposition was caused by human disturbances in the catchment leading to an increase in soil erosion. Varves occasionally occur but they have not been continuously preserved in the studied cores.
Two tephra layers are recognized within the Late Glacial and the early Holocene part of the profile. The Laacher See Tephra (LST), an important time marker found in many Allerød sediment sequences all over Europe (van den Bogaard and Schmincke 1985) , is a 7-cm-thick, dark, coarse sand layer in 8.40 m depth. The second volcanic explosion is recorded during the Preboreal and assigned to the eruption of the Ulmener Maar volcano which is located about 20 km NE of MFM (Zolitschka et al. 1995) . This Ulmener Maar Tephra (UMT) occurs in 6.91 m depth and is a 0.3-mm thick layer detectable only after microscopic inspection.
Methods
A composite profile of the five sediment cores examined was defined by macroscopic comparison and correlation (Figure 2 ). This first step allowed us to eliminate disturbed sections in any of the cores. Thereafter, a continuous series of large-scale thin sections was prepared from the composite profile. An overlap of at least 2 cm between each thin section provided a detailed correlation at a single-varve scale confirming the macroscopic correlation. Thus, the whole record was examined microscopically under parallel and polarized light. Magnifications used were 25× (overview), 100× (varve counting), and 400-1000× (detail studies). In addition to varve counting, this method enables sediment composition changes as well as possible micro-disturbances to be recognized.
The sediment remaining after sub-sampling for thin sections was used to prepare 14 C samples. To avoid obtaining ages that are too old by dating bulk sediment samples which might include reworked material (Olsson 1986 (Olsson , 1991 , only terrestrial plant macrofossils have been AMS 14 Cdated (Zbinden et al. 1989 ). Following the method described in Hajdas (1993) , 2-cm-thick sediment slices have been cut out of all reliably correlated cores (mostly 3-5) in order to get as much sediment as possible per sample. Every 14 C sample has been precisely assigned in the corresponding thin section in order to microscopically detect sedimentological evidence for possible reworked material, such as micro-turbidites.
The fresh sediment was dissolved in 10% KOH at room temperature for 12-24 hr and then sieved and washed. If necessary, this procedure was repeated, until all organic and fine sediment material was removed. The residue was then examined under a binocular microscope. All identifiable land plant remains were picked out with a fine tweezers. The plant material was washed again carefully. The samples were then stored in distilled water at 4 °C until further pretreatment and target preparation for AMS measurements. Most of the measurements presented here were performed at the Leibniz Labor, Kiel. Four samples from older cores, which had been previously prepared in the same way and measured at the AMS laboratory in Zürich, have been precisely correlated to the reference profile. Pretreatment and target preparation methods of the Kiel and Zürich laboratories are described in Nadeau et al. (1998) (Kiel) and Bonani et al. (1987) (Zürich) . Due to the scarcity of plant remains in MFM sediments, the sample weights were in the range of 0.3-2.0 mg carbon.
RESULTS
Varve Counting
Counting of the varves resulted in a floating varve chronology from 1500 to 14,200 cal BP between 1.75 and 9.60 m sediment depth. Above 1.75 m and below 9.60 m the sediment is not continuously varved and, therefore, no precise varve chronology was established. Instead, the thickness of occasionally occurring varves was used for high resolution sedimentation rate determination in order to provide the best possible age estimates for these parts of the record.
Counting from 1.75 down to 6.91 m sediment depth (Ulmener Maar Tephra, 34 cm above the Late Glacial/Holocene boundary) was carried out in 1-cm steps providing numbers of varves for each cm (method 1). The counting error was determined by multiple counting (same investigator) and was found to be 1-2% in about 80% of the profile, and not exceeding 4% for the rest. From 5.56 m down to 9.60 m (base of continuous varve series), varve thickness has also been measured (method 2) in addition to simple counting. This method is regarded as more sensitive to detect counting uncertainties especially in sections of low varve thickness in combination with poor varve quality because each varve boundary has to be defined more precisely. In profile sections with good varve quality, the deviation between both methods is also 1-2% even when counting results have been achieved by different investigators. However, in the only section of poor varve quality and very thin varves (0.2-0.3 mm) between 6.44 and 6.60 m, the discrepancy reached almost 20%. In this case the counts provided by method 2 have been regarded as more reliable.
Radiocarbon Ages
Between 1.38 and 9.97 m sediment depth, 51 samples contained sufficient determinable plant material to perform AMS 14 C measurements (Table 1) . They range from 1010-15,370 BP, and their 1σ errors range between 30 and 210 yr, with one outlier reaching 350 yr (sample # KIA2525). The relative errors are negatively correlated to the sample sizes (Figure 3 ). The δ 13 C values range between −32.3 and −20.0‰ relative to PDB. Eight samples show deviations from the overall depth-14 C age function towards older ages (Figure 4 ). Microscopic examination of sediment sections corresponding to these samples show the presence of reworked material, too small to be recognized macroscopically, which was either deposited in the autumn/winter sublayer of a varve or as small turbidite. These dates have been excluded from chronological considerations because they do not represent the age of deposition of the respective sediment section. Three dates, which are obviously too young, are from very small samples (#KIA927, #KIA2533, #ETH15144) and thus might be contaminated by modern carbon. After excluding all doubtful data, 40 14 C dates remain which lie within the varved part of the profile. a Lab numbers beginning with "KIA" were measured at Leibniz-Laboratorium, Kiel, and lab numbers beginning with "ETH" were measured at AMS Laboratory of ETH Zurich. 14 C ages are expressed as conventional ages (Stuiver and Polach 1977) . In the shaded area, a correction of +240 yr was applied to the varve chronology. For further details, see text. b Dates rejected due to reworked organic material Table 1 . Unless indicated, 1σ errors of the 14 C measurements are smaller than data symbols. Unfortunately, it was not possible to find terrestrial macrofossils directly at the base or top of the LST. The closest sample to the LST is #KIA2533 (77 varves above) with a 14 C age of 10,740 ± 120 BP. However, because of its very small sample size, it appears to be too young. The neighboring sample is #KIA2894 (138 varves above). Its 14 C age is 11,130 ± 90 BP which is in agreement with high precision 14 C dates of trees buried by the Laacher See ash near the eruption center (mean age 11,063 ± 12 BP; Friedrich et al. 1999 ). 14 C ages closest to UMT are 9660 ± 90 BP (KIA928, 151 varves below) and 9610 ± 40 BP (KIA2538, 39 varves above).
Radiocarbon Versus Varve Ages
Two methods have been applied to relate the floating MFM chronology to a calendar year time scale. First, all 14 C data from the period before the Ulmener Maar Tephra (UMT) were matched to the treering calibration curve by the χ 2 method. This results in an age of 10,760 cal BP for the (UMT), which is younger than previous varve ages of 11,000 ±110 cal BP from HZM (Zolitschka 1998) . Unfortunately, the UMT falls into the 9.5 ka 14 C plateau, so that tree ring calibration of 14 C dates from the UMT results in a 1 σ interval larger than the discrepancy to be explained. The second possibility of linking the MFM chronology to a calendar year time scale is to use the UMT age of 11,000 cal BP as a tephrochronological marker. Then, however, 14 C ages above 6.44 m sediment depth become apparently 240 yr too young. There are three possible explanations for this phenomenon:
1. The Holocene 14 C samples might have been contaminated with modern 14 C resulting in ages that are too young. This, however, is unlikely because all samples were prepared following standard methods that are designed to minimize the possibility of contamination and have been applied successfully in many other studies in the past. Furthermore, the fairly constant nature of the shift, if explained by modern carbon, would imply a constant relative contribution of contamination to the absolute sample masses, which by themselves vary between 0.4 and 1.5 mg C. Thus, the observed discrepancy cannot be explained by sample contamination. 2. The accepted age of 11,000 cal BP for the UMT is too old, which is unlikely because varve dating of UMT in HZM is well established by multiple counting (Zolitschka 1998 ). In addition, in the MFM varve chronology, the UMT eruption occurred 590 varves (in HZM 600 varves) after the end of the YD. This climatic signal is well expressed in both lakes (Zolitschka 1998; Brauer et al. 1999 ) and thus can be used for additional correlation. Since the accepted age for the end of the YD is between 11,500 and 11,600 cal BP (Gulliksen et al. 1998) , an age of 11,000 calendar yr for the UMT is assumed to be reliable. 3. Missing years in the MFM varve chronology might be the reason for the observed discrepancy.
If the 14 C data are considered as correct and matched to the tree-ring curve, both curves agree back to about 9710 cal BP where the offset occurs (Table 1) . This is exactly at the section of poorly developed varves (644-660 cm) that have caused a maximum deviation between repeated counts by different methods. Varves within this section are difficult to distinguish from each other, because they lack a significant influx of minerogenic sediment during autumn and/ or winter. After the spring/summer, diatom blooms follows a thin layer of amorphous and particulate organic matter including authigenic minerals like vivianite and siderite. At the upper end of these varve facies a 1.5-cm-thick micro-disturbance appears in the profile. After this disturbance, an abrupt change in varve facies occurs: increased minerogenic influx leads to the formation of distinct winter layers containing silt and clay. Probably, both sedimentological features, the micro-disturbance followed by an abrupt facies-change indicate the presence of a small hiatus in the record which might have caused a loss of the missing 240 varves. Using the mean sedimentation rate for the minerogenic-poor varve facies, the missing sediment section is assumed to be about 4-5 cm.
In conclusion, the offset between MFM varve and 14 C chronologies is neither the result of erroneous 14 C ages nor the result of previously incorrect dating of the UMT marker layer. The favored alternative explanation for the observed discrepancy is a 4-5 cm micro-hiatus recognized by microscopic investigation at 644 cm sediment depth. Because of this reason the MFM varve chronology has been corrected for the missing 240 yr at 9710 cal BP (Table 1) . Only the combination of varve chronology and independent high resolution AMS 14 C dating with their matching to the tree-ring data allows to identify and quantify such a small hiatus.
LOCAL CORRELATION
The presence of another varved record from Lake Holzmaar (HZM) less than 10 km away provides a unique possibility of correlating two high-resolution 14 C-and varve-dated profiles. From HZM, a varve chronology has been established from recent times back to 14,000 cal BP (Zolitschka 1991; 1998) which has been further extended into the Last Glacial Maximum to 22,500 cal BP by counting clastic periglacial varves (Brauer et al. 1994) . Hajdas et al. (1995a) presented an AMS 14 C data set on terrestrial plant macrofossils from HZM sediments covering the last 14,000 cal yr. Based on these 14 C dates and their calibration according to Stuiver and Reimer (1993) , Hajdas et al. (1995a) suggested a correction of the HZM varve chronology by +878 yr within the period between 4500 and 3600 cal BP. More recently, this correction was reduced to about +350 varves by identifying more varves in this section of poor varve preservation in additional cores (Zolitschka 1998) . The corresponding period in MFM is well varved and confirms that new correction.
The period between 9710 and 9950 cal BP, corresponding to the section where in MFM the 240-yr hiatus occurs, can be placed without any dating difficulties in the HZM varve sequence. These findings allow us to conclude that such minor disturbances within the varve records of MFM and HZM are caused by local sedimentological processes, probably triggered by different basin morphology and hydrology. Both disturbances are macroscopically not visible and in the range of less than 400 yr. Corrections made in both of the varve chronologies are furthermore confirmed by varve counting in the other record. Including these corrections of the varve data, there is a good agreement between both records and the tree-ring calibration for the entire Holocene ( Figure 5 ).
For the Late Glacial correlation of both records the two tephra layers from Laacher See (LST) and Ulmener Maar (UMT) are used. Varve counts between both tephra layers in the HZM record are 320 less than those in MFM, such that a hiatus of this length within the Younger Dryas has been proposed (Zolitschka 1998; Brauer et al. 1999) . As expected, 14 C dates from samples in stratigraphically close position to the tephra layers in both records are in good agreement. Based on their own data and literature data of different sites, Hajdas et al. (1995b) gave a mean 14 C age of 11,230 ± 40 BP for the LST, which is slightly older than the mean age of 11,063 ± 12 BP recently given by Friedrich et al. (1999) . In MFM, a sample 138 varves above LST is dated at 11,130 ± 90 BP. Two AMS ages of plant samples associated with UMT at HZM are reported by Hajdas et al. (1995a) as 9515 ± 75 BP and 9650 ± 85 BP. These dates are in agreement with the two ages for the UMT measured from MFM (9660 ± 90 BP and 9610 ± 40 BP).
The combination of both varve and high resolution 14 C dating allows us to locate and quantify even short sections (about 2% of the varved sequences) of unidentified varves in the profiles of MFM and HZM. Since these sections do not occur at the same stratigraphical positions in both records, the combination of both profiles provides a reliable calendar year time scale from the Eifel region ( Figure 6 ). This is further confirmed by independent 40 Ar/ 39 Ar dating of Sanidine crystals from LST yielding 12,900 ± 400 yr BP (van den Bogaard 1995), which is in agreement with the date of 12,880 ± 120 yr BP from MFM (Brauer et al. 1999) .
Global Correlation
A comparison with 14 C chronologies from other sediment archives focuses on the Late Glacial since there is still a need for further terrestrial 14 C calibration due to the problems caused by 14 C plateaus. Although the present 14 C data set from MFM is not dense enough yet for an independent calibration, a link to other records provides information about the range of present uncertainties. In general, MFM and HZM data sets are within the spread found for other lacustrine varved records (Figure 7 ) as well as for marine data from corals and the Cariaco Basin varves (Figure 8 ).
The remaining small discrepancies between the different records become visible when using isochronous marker horizons for correlation such as, for example, the LST, especially for the period beyond the tree ring calibration. Accepting the LST 14 C age of 11,063 ± 12 BP from Friedrich et al. (1999) , which is within the 1σ confidence interval of the date from the MFM record, and calibrating this age with Cariaco varves (INTCAL98: Stuiver et al. 1998 ) results in an age for the LST ranging from 13,010-13,200 cal BP. This is 130-320 yr older than the MFM varve age. Another global marker horizon is the first abrupt and short cold spell after the Late Glacial warming, even if we consider that such climatic events do not necessarily have to be synchronous. This cold event is palynologically defined as the Oldest Dryas in MFM (Litt and Stebich 1999) , but in many other records is also called Older Dryas (e.g. Björck et al. 1996) , or GI-1d according to the INTIMATE stratigraphy based on the GRIP ice core (Björck et al. 1998) . Four 14 C dates from this event, which has been clearly identified in MFM and correlated to the Greenland ice cores (Brauer et al. 1999) , range in between 11,880 ± 80 and 12,100 ± 80 BP (KIA2529-KIA2532, Table 1 ). The corresponding calendar year age as determined by varve counting is from 13,800 to 13,900 cal yr BP and thus about 200 years younger than in the GISP2 (Alley et al. 1993 ) and Cariaco Basin records, which exactly match each other . On the other hand, 14 C dates for this climatic event from the Cariaco Basin record Stuiver et al. 1998 ) range between 11,898 ± 68 and 12,084 ± 83 BP and are in perfect agree- There are two possible explanations for this discrepancy: 1) ∆ 14 C variations during the early Late Glacial resulting in a 14 C plateau between around 13,800 and 14,100 cal BP (Stuiver et al. 1998) . In consequence, the short climatic deterioration would have been a non-synchronous event which is rather unlikely taking into consideration the great similarity of Late Glacial proxy-climatic records, or 2) the observed difference in calendar time scale is an effect of discrepancies between the Cariaco and MFM varve chronologies. This interpretation is supported by the above described age discrep- Figure 6 Schematic profiles of MFM and HZM sediment profiles indicating sections of missing varves. The number of missing varves is determined by varve counting in the opposing profile and/or dendro-calibrated 14 C data. Figure 7 Comparison of MFM and HZM 14 C calibration data with other lake sediment archives. GOS = Lake Go ci¹¿, Poland (Goslar et al. 1995) ; SUI = Lake Suigetsu, Japan van der Plicht 1998a, 1998b) . Figure 8 Comparison of MFM and HZM 14 C calibration data with marine archives. CAR = Cariaco Basin, Venezuela ; corals = U-Th-dated coral material ).
ancy of the LST calendar year age when comparing the MFM varve time scale and the precise 14 C date from Friedrich et al. (1999) after calibration with the Cariaco Basin data. At both points of comparison, the LST and the Oldest Dryas/GI-1d Event, the MFM data is in better agreement with the Lake Suigetsu record van der Plicht 1998a, 1998b) . In the Suigetsu record, 1) a 14 C age of 11,030 ± 55 BP, which is close to the LST date of 11,063 ± 65 BP (Friedrich et al., forthcoming) , yields a calendar year age of 12,874 BP (MFM varve age: 12,880 cal yr BP) and, 2) 14 C dates between 11,830 ± 65 and 12,040 ± 55 BP correspond to varve ages between 13,514 and 13,834 cal BP (MFM varve age: 13,800-13,900 cal BP). Since the Cariaco Basin data are confirmed by the GISP2 time scale and since at the moment there are too few 14 C data from the Late Glacial available from MFM, this dating problem cannot be solved at this stage. In conclusion, age discrepancies in the range of about 200 yr between Late Glacial calendar-year time scales remain unexplained and require further high-resolution calibration data sets, as well as a better definition of global marker horizons for improving tele-connections of various archives.
